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Multiple  mechanisms  regulate  c-myc  gene  expression 
during  normal  T  cell  activation 


Tuilia  Lindsten,  Carl  H.June' 
and  Craig  B.Thompson 

Howard  Hughes  Medical  Institute  and  E)epartmcnis  id  Medicine  jnd 
Microbiology  Immunologs .  University  ol  Michigan.  1150W  Medical 
Center  Drive.  4510  MSRB  I.  Ann  Arbor.  MI  4810^  and  Naval 
Medical  Research  Institute.  Bethesda.  MD  20814.  USA 

Communicated  by  G  Klein 

'^iescent  normal  human  T  cells  express  low  levels  of 
steady-state  c-myc  mR.NA  as  a  result  of  low  constitutive 
promoter  utilization,  a  block  to  transcriptional  ekingation 
within  the  gene,  and  rapid  degradation  of  c-myc  mRNA 
in  the  cytoplasm.  Following  the  activation  of  the  T  cell 
receptor  (TCR)/CD3  complex,  quiescent  T  cells  are 
induced  to  express  c-myc  mRNA.  Two  intracellular 
pathways,  one  involving  protein  kinase  C  activation  and 
the  other  mediated  by  increased  intracellular  calcium 
concentration,  are  activated  by  TCR/CD3  receptor 
stimulatkMi.  These  two  pathways,  which  can  be  activated 
by  phorfool  myristate  acetate  (PMA)  and  ionomycin 
respectively,  appear  to  play  complementary  roles  in  the 
transcriptional  induction  of  c-myc  gene  expression  by  the 
antigen  receptor  complex.  Ionomycin  treatment  of 
quiescent  cells  leads  to  enhanced  c-myc  expression 
primarily  as  a  result  of  increased  transcriptionai 
initiation.  In  contrast,  PMA  contributes  to  c-myc 
expression,  at  least  in  part,  by  decreasing  the  block  to 
transcriptional  elongation  present  within  the  gene.  Both 
the  PMA-  and  kmomycin-mediated  induction  of  c-myc 


Various  molecular  alterations  in  the  expression  of  the  c- 
m\c  gene  have  been  associated  with  the  deregulation  of  cell 
proliferation  (for  review  see  Klein  and  Klein,  1985.  Marcu. 
1987).  Increased  transcriptional  initiation  within  the  c-myc 
locus  has  been  reported  as  both  a  result  of  avian  leukosis 
virus  (ALV)  integration  5'  of  the  c-myc  gene  in  bursal 
lymphomas  (Hayward  et  al. .  1981 ;  Parchl  ei  al. .  1983)  and 
as  a  result  of  translocations  which  lead  to  Juxtaposition  of 
the  immunoglobulin  heavy-chain  gene  enhancer  and  the  c- 
myc  transcription  unit  (Bernard  et  al. .  1983;  Hayday  et  al. . 
1984).  Enhanced  transcriptional  elongation  within  the  c-myc 
gene  has  been  reported  in  Burkin's  lymphoma  cell  lines 
which  have  point  mutations  within  the  c-myc  gene  at  the  3' 
end  of  the  first  exon  and  5'  end  of  the  first  intron  (Cesarman 
et  al. .  1987).  Post -transcriptional  alterations  of  c-myc  gene 
expression  have  also  been  reported  (Dani  et  al. ,  1984).  In 
some  transformed  lymphoid  cell  lines,  stabilization  of  the 
normally  labile  c-myc  niRNA  leads  to  enhanced  steady-state 
c-myc  rnRNA  levels  (Eick  et  al. .  1985;  Hollis  et  al. .  1988). 

While  the  above  data  suggest  that  increased  transcriptional 
initiation,  loss  of  transcriptional  attenuation/pausing  and 
stabilization  of  cytoplasmic  c-myc  mRNA  can  all  enhance 
c-myc  gene  expression  in  transformed  lymphoid  cells, 
relatively  little  is  known  about  the  molecular  mechanisms 
that  regulate  c-myc  gene  expression  during  normal  T  cell 
proliferation.  In  addition,  little  is  known  about  how 
receptor -ligand  interactions  on  the  cell  surface  of  quiescent 
cells  contribute  to  the  regulation  of  c-myc  expression.  In 
order  to  address  these  issues,  we  initiated  studies  to 


expresskm  can  be  independently  enhanced  by  stabilization  investigate  the  molecular  mechanisms  by  which  stimulation 

of  c-myc  mRNA  in  the  cytoplasm.  These  observations  of  the  TCR/CD3  complex  on  normal  peripheral  blood  human 

demonstrate  that  multiple  mechanisms  co-operate  to  T  cells  leads  to  the  induction  of  c-myc  mRNA  expression, 

regulate  c-myc  gene  expression  during  normal  T  ceil  Our  results  demonstrate  that  quiescent  human  peripheral 

activation.  '-4  blood  T  lymphocytes  express  virtually  no  c-myc  mRNA. 

Key  words:  c-myc  gene/gene-C^ression/T  cell  activation/  Activation  of  quiescent  T  cells  by  crosslinking  of  the 

T  cell  receptorTfranscn^ional  regulation)  y*  I  r  oio-  TCR/CD3  receptor  complex  results  in  a  rapid  rise  in  c-myc 
f  4L  1  (^a  11  V  1  Ol  j  At  ^  t  mRNA  levels.  Peak  levels  of  c-myc  mRNA  are  reached 

tX  within  6  h  of  stimulation  and  abundant  c-myc  mRNA  is 


Introduction 

Expression  of  the  c-myc  proto-oncogene  has  been  implicated 
in  the  growth  regulation  of  a  variety  of  both  normal  and 
neoplastic  cell  types  (for  review  see  Cole.  1986;  Rabbitts. 
1985).  Quiescent  cells  express  low  levels  ot  both  c-m\c 
mRNA  and  protein  (Smeland  et  al.,  1987)  Stimulation  of 
quiescent  cells  to  initiate  proliferation  leads  to  a  rapid 
accumulation  of  c-myc  mRNA  within  2  h  following 
stimulation  (Kelly  et  al.,  1983).  Thereafter.  c-wx<  mRNA 
and  prorein  continue  to  be  expressed  ihroughoui  the 
proliferative  response  (Hann  et  ai,  1985;  Rabbuts  et  al . 
1985;  Thompson  ef  a/.,  1985).  Expression  of  c  mi i  protein 
appears  to  be  required  for  cells  to  traverse  ihc  cell  cycle 
Quiescent  T  cells  treated  with  anti-sense  c-m\<  oligonucleo¬ 
tides  fail  to  enter  S  phase  when  stimulated  w  nh  mitogens 
(Heikkila  ef  a/.,  1987;  Harel-Bellan.  1988) 


expressed  throughout  the  proliferative  response.  The 
proliferative  response  induced  by  crosslinking  of  the 
TCR/CD3  receptor  can  be  mimicked  by  the  simultaneous 
activation  of  resting  peripheral  blood  T  cells  with  phorbol 
myristate  acetate  (PMA)  to  induce  protein  kinase  C  activation 
and  with  ionomycin  to  increase  intracellular  ionized  calcium 
levels.  Treatment  of  resting  T  cells  with  these  two  agents 
also  leads  to  the  induction  of  c-myc  mRNA  levels  that  are 
similar  in  quantity  and  kinetics  to  the  pattern  of  c-myc 
expression  uiduced  by  crosslinking  of  the  TCR/CD3  receptor 
complex.  Treatment  of  peripheral  blood  T  cells  with  either 
PMA  or  ionomycin  alone  does  not  induce  a  proliferative 
response.  However,  each  agent  is  capable  of  inducing  a 
distinct  pattern  of  c-myc  gene  expression. 

Activation  of  c-myc  gene  expression  following  treatment 
of  T  cells  with  ionomycin  peaks  within  I  h  of  stimulation, 
does  not  require  new  protein  synthesis,  and  is  mediated 
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primarily  by  increased  transcriptional  initiation.  In  contrast. 
PMA  treatment  of  quiescent  T  cells  leads  to  a  gradual 
increase  in  c-myc  mRNA  over  12  —  24  h  in  culture,  requires 
new  protein  synthesis,  and  is  mediated,  at  least  in  part,  by 
elimination  of  a  block  to  transcriptional  elongation  w  ithin 
the  gene.  Neither  of  these  agents  leads  to  alteration  in  the 
normal  c-myc  mRNA  half-life  of  15-20  min.  Addition  of 
cycloheximide  to  resting  peripheral  bloixl  T  cells  or  T  cells 
pretreated  with  PMA  and/or  ionomycin  leads  to  additional 
increases  in  c-myc  mRNA  levels  by  increasing  the  half-life 
of  c-myc  mRNA.  Together  these  results  suggest  that  multiple 
mechanisms  regulate  c-myc  gene  expression  during  the 
proliferative  response  of  normal  human  T  cells. 

Results 

Expression  of  c-myc  is  induced  foUowing  crosslinking 
of  the  TCR/CD3  complex 

Previous  studies  have  shown  that  both  human  and  murine 
B  lymphocytes  can  be  induced  to  express  c-m\c  mR.S'A 
following  crosslinking  of  their  surface  immunoglobulin 
receptors  (Smeland  et  al. .  1985;  Buckler  et  ul. .  1488).  Since 
the  TCR/CD3  complex  appears  to  be  the  T  cell  equivalent 
of  the  imunoglobulin  receptor,  we  first  sought  to  generalize 
a  role  for  the  antigen  receptor  in  the  induction  of  c-m\c 
expression  during  the  proliferative  response  of  mtrmal  human 
T  cells.  In  order  to  activate  the  TCR/CD3  complex  in  a 
polyclonal  population  of  cells,  we  have  made  use  of  an  anti- 
CD3  monoclonal  antibody  attached  to  a  plastic  surface 
(CD3sp)  to  allow  for  efficient  crosslinking  of  the  TCR  'CD3 
complex.  T  cell  activation  by  this  monoclonal  antibody 
results  in  initiation  of  growth  as  measured  by  increases  in 
volume  and  total  cellular  RNA  in  >90*^  of  resting 
peripheral  blood  T  lymphocytes  (data  not  shown).  In 
addition,  40-60%  of  this  polyclonal  population  will  proceed 
through  at  least  one  round  of  proliferation  in  response  to 
antigen  receptor  crosslinking.  In  order  to  perform  these 
studies  we  have  utilized  a  highly  purified  population  of 
resting  human  peripheral  blood  T  lymphocytes  (June  et  al. . 
1987).  This  population  has  been  rigorously  depleted  of 
accessory  cells  that  might  produce  lymphokines  involved  in 
secondary  activation  events  following  TCR/CD.J  stimulation. 
Thus,  this  population  of  T  cells  does  not  proliferate  in  vitro 
in  response  to  stimulation  with  PH  A,  a  mitogen  known  to 
require  accessory  cells  for  induction  of  proliferation  (Table 
I).  RNA  was  isolated  at  different  time  points  following 
CD3sp  stimulation  of  this  resting  T  cell  population  and  c- 
myc  mRNA  expression  was  analyzed  by  Northern  blw 
analysis  (Figure  1).  Resting  T  cells  expressed  only  low  levels 
of  c-myc  mRNA.  However,  c-myc  mRNA  was  induced 
within  1  h  following  CD3sp  stimulation,  reached  a  maximal 
level  6  h  following  stimulation,  and  was  thereafter  expressed 
throughout  the  proliferative  response. 

c-myc  mRNA  expresNon  In  restirtg  T  ceUs  can  be 
induced  by  both  PMA  end  ionomycin 

Previous  studies  have  shown  that  antibodies  to  the  TCR  CD3 
receptor  complex  initiate  their  intracellular  ettects  by 
activating  phospholipase  C  to  release  mosuol-l  .4.5 
trisphosphale  and  diacylglycerol  from  the  membrane  i  Weiss 
and  Imboden,  1987).  These  intracellular  secondary 
messengers  in  turn  lead  to  a  rapid  rise  m  cytoplasmic  free 
calcium  and  the  membrane  translocation  «t  protein  kinase 


Table  I.  Pri'htcration  «>l  quiescent  peripheral  bliHxl  T  cells  can  be 
induced  by  crosslmking  "t  (he  TCR  CD^  rc«.cpior  vi'mpicx  -t  ihe 
combinali«''n  <'l  PM  \  > 

.Stimulus 

Thy  iriijinc 

in<.orp*  trail' 'H 
pm  1 

Exp  1 

Medium 

246 

* 

"s 

CD'-sp 

l2r>  iN)() 

t 

1  5  (NX) 

PHA 

1 

X 

1 1: 

PMA 

1  :,^() 

X 

.’v'O 

PMA  '  C‘D:s  mAh  9  3 

2()9  (K)() 

X 

14  IMMI 

Evp  : 

Medium 

i:i 

X 

0 

PM.X 

m) 

X 

3X0 

Ionomycin 

ID.S 

X 

15 

PM.A  -  lonomvcin 

29  4(X) 

X 

PHA 

256 

X 

43 

PMA  -  CD:x  mAh  4 

48  000 

X 

"?)X) 

■‘Ft»r  ihe  purpt>?ves  uf  comparison,  the  proliferation  induced  bs  CD.'sp 
jnd  PMA  sonomNcin  can  be  e.^pressed  as  a  percentage  I't  the 
maximal  T  cell  proliferation  induced  in  each  experiment  bs 
PMA  CD28  m.Ab  ^  }  Expressed  in  this  manner  CD.^sp  induces 
.'*7  and  PM.A  itmomsctn  induces  61. 2*^  of  the  maximal 
proliferation  induced  b>  PMA  CD28  mAb  9  ?.  Differences  in 
ahsoJme  level.s  f»f  thymidine  incorporation  between  the  two  experiments 
fctleti  differences  in  the  relationship  between  the  8*h  labeling  peruxi 
and  (he  peak  of  cell  proliferation  during  the  third  dav  t>l  culture 
''CD:k-  T  cells  were  cultured  ut  I  s  lO'  Well  in  RPMI  -  PCS 
With  CD3sp  at  .SO  ng  well.  PHA  at  3  fig/ml.  PMA  at  3ng  ml.  mAb 
d  3  at  I  Mg  nil  or  ionomycin  at  0,2  m\. 

Thymidine  incorporation  (arithmetic  mean  ^  SEM)  was  determined 
tm  day  3  of  culture 

^  CD3 

Qi - 

LU 

2  1  6  12  24  hrs 


RNA 


c-myc  m^mm 


HLA 


Fig.  I.  c-w\<  mRN.A  lc\eK  toilowing  crosslinking  of  the  TCR  CD3 
receptor  complex  t>n  rcMing  peripheral  bkHHl  T  cells  Resting 
peripheral  bhuxf  T  ^clK  were  stimulated  by  crosslinking  the  TCR  CD3 
receptor  complex  using  a  CD3  specific  mAb  G19-f  RNA  was  isolated 
trom  the  cells  prii>r  lo  stimulation  and  at  1.6.  12  and  24  h  following 
actixation  TfXal  cellular  RNA  was  isolated  and  equalized  for  rRNA  as 
previously  described  i  Thompson  n  ul  .  1985)  The  equalization  was 
cimfirmed  by  ethidium  bromide  staining  of  lO'?  aliquots  of  each  RNA 
sample  separated  on  non-dcnaturing  l^  agarose  gels  (upper  panel) 
Northern  bUxs  were  prepared  a.s  descnbcd  in  Materials  and  methods 
and  the  filters  were  hybridized  sequentially  with  radiolabeled  cDNA 
probes  for  the  c  m\(  and  HLA  B7  (HLA)  genes 
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Fig.  2.  Induction  of  c-mvf  gene  e.xpression  by  PMA  and 
Purified  resting  T  cells  svere  incubated  vkilh  ionom>cin  ili  PMA  iPi 
or  lonomycin  PMA  (I  P)  for  1.6.  12  and  24  h  RSA 
isolated  and  equalized  as  described  m  the  legend  Ftkuic  1  1  ppcr 
pane!  represents  ethidiuni  bromide  staining  of  the  equalized  RNA 
samples  Nonhem  blots  s^ere  sequentially  hybridized  to  ihe 
radiolabeled  c-mv(  and  HLA  B7  iHLAi  cDNA  probes 

C  (Truneh  et  al. .  1985;  Ledbetter  et  at. ,  1987i  These  uxo 
pathways  can  be  stimulated  IndependentK  in  \iir«. 
Cytoplasmic  free  calcium  levels  can  be  increased  b\  the 
calcium  ionophore.  ionomycin.  Membrane  transUx;ation  and 
activation  of  protein  kinase  C  can  be  induced  b>  PMA, 
•Veithcr  agent  aione  is  capable  of  inducing  proliferation  of 
resting  peripheral  blood  T  lymphocytes  (Table  li  However, 
the  combination  of  PMA  +  ionomycin  treatment  leads  to 
levels  of  proliferation  equivalent  to  those  observed  following 
crosslinking  of  the  TCR/CD3  complex.  To  determine  which 
of  these  two  pathways  might  be  primarily  responsible  for 
the  activation  of  c-myc  following  surface  stimulation  of  the 
TCR/CD3  complex,  we  investigated  c-mvc  mRNA  levels 
following  stimulation  of  resting  peripheral  bicxxl  T  cells  by 
ionomycin  alone,  PMA  alone  or  the  combination  of 
PMA  +  ionomycin.  RNA  was  isolated  at  0,  1.6.  12  and 
24  h  after  stimulation  of  cells,  and  was  analy  zed  for  c-mvc 
mRNA  levels  by  Northern  blot  analysis  (Figure  2). 

Ionomycin  treatment  alone  led  to  a  10-  to  20-fold  induction 
of  c-myc  mRNA  levels  within  1  h  following  stimulation.  The 
ionomycin-induced  expression  of  c-myc  was  transient,  and 
by  24  h  of  stimulation  ionomycin-treated  cells  showed  no 
increase  in  c-myc  mRNA  levels  above  background  In 
contrast,  when  cells  were  stimulated  with  PMA.  a  slow 
steady  rise  in  c-myc  mRNA  was  noted  over  the  first 
12-24  hours  of  culture.  The  total  magnitude  of  c-mw  gene 
expression,  however,  was  only  2-4  times  greater  than  the 
c-myc  mRNA  levels  of  unstimulated  peripheral  hUnxl  T 
lymphocytes.  When  ionomycin  and  PMA  were  added 
together,  c-myc  mRNA  levels  increased  wuhin  I  h  of 
stimulation,  reached  a  transient  peak  in  expresMon  6  h 
following  stimulation  and  remained  expressed  ai  a  high  level 
throughout  the  proliferative  response.  The  kinetics  of  the 
c-myc  mRNA  induction  produced  by  treatment  with 
ionomycin  +  PMA  mimick^  those  exhibited  by  stimulation 
of  peripheral  blood  T  cells  by  crosslinking  oi  the  TCR  CD3 
receptor.  The  specificity  of  these  changes  in  c  expression 
was  demonstrated  by  hybridization  of  the  same  blot  w  ith  a 
probe  specific  for  an.HLA  class  I  gene.  These  data  confirm 


previous  observations  suggesting  that  c-myc  gene  expression 
alone  is  insufficient  to  induce  proliferation  in  normal  cells 
(Coughlin  et  al..  1985).  Reconstitution  of  the  pattern  of 
c-myc  gene  expression  following  crosslinking  of  the 
TCR.'CD3  complex  requires  the  simultaneous  stimulation  of 
cells  with  both  ionomycin  and  PMA. 

Induction  of  c-myc  gene  expression  by  ionomycin  and 
PMA  differ  in  their  requirements  for  new  protein 
synthesis 

Both  the  magnitude  and  kinetics  of  c-myc  mRNA  expression 
following  PMA  as  compared  to  ionomycin  stimulation 
suggested  that  activation  of  these  two  intracellular  pathways 
might  lead  to  increased  c-myc  gene  expression  by  indepen¬ 
dent  molecular  mechanisms.  To  investigate  die  role  of  new 
protein  synthesis  in  inducing  c-myc  gene  expression  as  the 
result  of  stimulation  by  these  pathways,  quiescent  cells  were 
stimulated  with  ionomycin  or  PMA  in  the  presence  or 
absence  of  cycloheximide  at  concentrations  sufficient  to 
suppress  95%  of  protein  synthesis  (Figure  3).  When  resting 
peripheral  blood  T  cells  were  stimulated  with  cycloheximide 
alone  for  2  h.  a  2-  to  4-fold  increase  in  c-myc  mRNA  levels 
was  observed.  This  is  consistent  with  the  observation  of 
others  that  cyclohexmide  is  capable  of  inducing  c-myc 
mRNA  levels  by  increasing  mRNA  stability  in  the  cytoplasm 
(Dani  el  al. .  1984).  When  cells  were  treated  with  ionomycin 
in  the  presence  of  cycloheximide.  a  ‘superinduction'  of  c- 
myc  mRNA  levels  was  observed.  In  contrast,  when  cells 
were  stimulated  with  PMA  in  the  presence  of  cycloheximide, 
the  induction  of  c-myc  mRNA  levels  by  PMA  was 
completely  abolished,  c-myc  gene  expression  in  the  presence 
of  PMA  ■+■  cycloheximide  was  entirely  accounted  for  by  the 
induction  mediated  by  cycloheximide  alone.  These  results 
suggest  that  the  PMA-mediaied  induction  of  c-myc  mRNA 
levels  requires  new  protein  synthesis.  To  confirm  this 
observation,  cells  were  pretreated  with  PMA  for  12  h  to 
allow  new  protein  synthesis  to  occur,  and  then  cycloheximide 
was  added  to  the  media.  Under  this  set  of  conditions, 
cycloheximide  leads  to  a  further  enhancement  of  the  levels 
of  c-myc  mRNA  induced  by  PMA.  The  combination  of  PMA 
and  ionomycin  can  also  be  shown  to  be  superinduced  by 
cycloheximide  when  cells  were  first  pretreated  with  PMA 
for  12  h  and  then  stimulated  with  ionomycin  in  the  presence 
or  absence  of  cycloheximide  for  2  h.  The  combination  of 
PMA  and  ionomycin  not  only  leads  to  increases  in  c-myc 
transcripts  initiated  from  the  major  promoters,  PI  and  P2. 
but  also  to  increases  in  the  3. 1  -kb  c-myc  transcripts  initiated 
from  the  PO  promoter  region  (see  Figure  5D  for  map).  A 
similar  induction  of  the  3. 1-kb  c-myc  transcript  was  also  seen 
in  CD3sp-stimulated  cells  (Figure  1)  and  in  cells  treated 
concomitantly  with  PMA  and  ionomycin  (Figure  2). 

Cycloheximide  induces  c-myc  gene  expression  in 
quiescent  T  cells  by  increasing  mRNA  stabUty 

The  preceding  results  suggest  that  c-myc  gene  expression 
can  be  independently  induced  by  three  distinct  molecular 
mechanisms.  To  confirm  this  we  analyzed  the  role  of  various 
transcriptional  and  post-transcriptional  mechanisms  in 
inducing  c-myc  gene  expression  in  response  to  cyclo¬ 
heximide.  PMA  and  ionomycin.  The  role  of  alterations  in 
mRNA  stability  in  mediating  the  induction  of  c-myc  mRNA 
by  PMA,  ionomycin  and  cycloheximide  was  investigated  by 
inducing  c-myc  mRNA  expression  to  optimal  levels  via  all 
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Fig.  3.  The  effects  of  the  protein  synthesis  inhibitor  cvclohcKimide  ■»n  PMA  and  lonomscin-induLCd  ^-inu  gene  expression.  Purified  resting  T  eciis 
were  treated  with  media  aJotte,  lonomycin  or  PMA  tor  2  h  in  ihe  pre^-nce  »>l  absence  ot  cycloheximide  In  addition,  resting  peripheral  biood  T  cells 
pretreated  with  PMA  for  12  h  were  further  stimulated  with  PM  \  ..r  i.momscin  in  the  presence  or  absence  of  cscloheximide  for  an  additional  2  b 
RNA  was  isolated  and  equalized  as  described  in  legend  lo  figure  I  filters  were  sequentialK  hybridized  to  the  radiolabeled  c  mvi  and  HLA  B7 
(HLA)  cDNA  probes.  The  upfarr  arrow  on  the  right-hand  side  ot  ihe  s  rrm  panels  indicates  the  positions  ot  the  .i  I -kb  PO-initiated  message  present 
in  the  PMA  pretreated  cells  stimulated  subsequently  with  lononncm  in  ihe  presence  or  absence  of  cycloheximide.  The  lower  arrow  depicts  the 
migration  of  the  2.2/2.4-kb  c-mvr  transenpts  initiated  from  the  maior  promoters  The  identity  of  the  I -kb  transcript  in  the  lonomycin  s-  PMA 
treated  cells  was  confirmed  using  the  Acd-Psil  fragment  dcssribed  m  Materials  and  meihixis.  preciously  shown  to  be  specific  for  the  PO-initiated 
transcripts  (Bentley  and  Groudine.  I986bl 
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Fig.  4.  The  half-life  of  c-myc  txiRNA  in  T  cells  treated  a-ih  .-  itvr  PMA  ntnomycin  or  cydoheximidc  Puniied  resting  T  cells  were  stimulated  with 
PMA  for  12  h,  ionomycin  for  2  h  or  cycloheximidc  lor  ■  n  \i  me  end  "l  the  stimulation  period  asimonncin  D  was  added  to  the  cultures  RNA 
was  isolaied  from  the  cells  at  the  beginning  and  end  oi  itx  -i,  '■...aii..n  period  with  each  agent  and  alter  as  and  d(l  mm  following  the  addition  of 

actinomycin  D.  The  upper  panels  show  the  ethidium  lamint  -i  equalizc-d  RNA  samples  N.  n.icrn  blots  were  sequentially  hybridized  with 

radiolabeled  c-myc  and  HLA-B7  (HLA)  cDNA  probes 


three  pathways,  and  then  analyzing  the  rate  i<i  c  "if  niRN  A 
degradation  following  the  addition  of  aciiminrycin  [)  iFieurc 
4).  The  half-life  of  c  -myc  tnRNA  induced  b>  innomscin  .>r 
PMA  is  — 15  min.  A  similar  half-life  was  diicrutincd  tor 
the  low  levels  of  c-myc  mRNA  expres.scd  m  unMiinuljicd 
T  cell  controls  (data  not  shown).  In  citntrjsi  the  c  "im 
mRNA  half-life  was  prolonged  to  >  1  h  inii.iwing  c\cUr 
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heximide  treatment  ol  resting  cells.  This  is  consistent  with 
the  observations  ihai  cyeloheximide  induces  c-m\r  mRNA 
level  by  increasing  mRNA  stability  (Dani  eial..  1984; 
Thompson  ei  at  .  198b)  These  results  also  suggested  that 
both  PMA  and  ionomycin  regulate  c-mvc  mRNA  expression 
by  affecting  the  transcription  rate  and/or  the  processing  of 
the  primary  c-mvt  transcripts 
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lonomycin  and  PMA  induce  c-myc  expression  by 
indepernlent  mechanisms 

To  Investigate  the  role  of  alterations  in  transcriptional 
regulation  in  the  induction  of  c-mvc  gene  expression  b>  PMA 
and/or  ionomycin,  run-on  transcription  assays  were 
performed.  In  these  experiments,  nuclei  were  isolated  from 
resting  peripheral  T  lymphocytes  following  stimulation  with 
media  alone,  PMA.  ionomycin.  PMA  -t-  ionomycin.  or 
cycloheximide.  Nuclei  were  then  incubated  with  ''P- 
radiolabeled  UTP  under  conditions  that  allowed  for 
elongation  of  transcripts  initiated  by  polymerases  already 
bound  to  DNA.  Radiolabeled  nascent  RNA  transcripts  were 
isolated  from  the  reaction  mix  and  hybridized  to  filters 
containing  single-stranded  M13  probes  specific  for  exon  I 
and  exon  2  in  both  the  sense  and  anti-sense  orientation,  and 
a  double-stranded  probe  for  the  PO  promoter  region  of  the 
c-myc  gene.  A  ftill-length  glyceraldehyde-3-pho.sphate 
dehydrogenase  (GPD)  cDNA  was  used  as  a  control  template 
Resting  peripheral  blood  T  cells  display  significant 
hybridization  to  the  sense  strand  of  exon  1 .  demonstrating 
that  even  in  the  resting  state  the  c-myc  major  promoters,  PI 
and  P2,  are  being  utilized  by  polymerases  (Figure  5A). 
However,  significantly  less  hybridization  was  observed  using 
an  exon  2  template  of  comparable  size.  Comparison  of  the 
band  intensities  between  the  exon  I  -sense  strand  and  the  exon 
2-sense  strand  suggests  that  there  is  a  5-  to  10-fold  block 
in  transcriptional  elongation  between  exon  I  and  exon  2  in 
resting  T  cells.  Previously  reported  studies  have  suggested 
that  this  block  to  elongation  occurs  at  the  exon  1  intron  I 
boundary  (Bentley  and  Groudinc.  1986a.  1988;  Nepveuand 
Marcu,  1986:  Eick  and  Bomkamm.  1986).  and  we  have 
perform'd  no  further  studies  to  define  this  region.  A  low 
level  of  hybridization  to  the  upstream  PO  promoter  region 
was  also  observed.  Similar  results  were  obtained  when 
resting  T  cells  were  incubated  with  cycloheximide  for  2  h 
and  c-myc  transcription  evaluated  by  the  run-on  transcription 
assay.  This  observation  is  consistent  with  our  finding  that 
cycloheximide  enhances  c-myc  mRNA  levels  by  increasing 
the  c-myc  mRNA  half-life. 

When  resting  peripheral  blood  T  lymphocytes  were 
incubated  for  14  h  with  PMA.  a  4-  to  5-fold  decrease  in  the 
polymerase  density  on  the  sense  strand  of  exon  1  was 
observed  (Figure  5A).  In  contrast,  only  slight  decreases  in 
the  hybridization  to  the  exon  2-sense  strand  and  to  the  PO 
and  GPD  plasmids  were  observed.  Despite  the  overall 
decrease  in  transcription,  there  is  a  reproducible  decrease 
in  the  ratio  of  exon  1  to  exon  2  transcription  in  PM  A -treated 
cells  as  compared  to  untreated  resting  T  cells.  This  reduction 
in  the  block  to  transcriptional  elongation  appears  to  require 
new  protein  synthesis.  Quiescent  cells  treated  simultaneously 
with  PMA  and  cycloheximide  foiled  to  exhibit  any  alterations 
in  the  hybridization  intensities  of  exon  I  and  exon  2  when 
compart  with  untreated  cells  (data  not  shown)  In  addition, 
when  PMA  pretreated  cells  were  incubated  with  cyclo¬ 
heximide  the  ratio  of  exon  1  to  exon  2  transcription  increa.sed 
to  the  level  seen  in  untreated  quiescent  cells  within  2  h  of 
cycloheximide  addition.  While  these  results  suggest  there 
has  been  a  reduction  in  the  block  to  transcriptional  elongation 
within  the  c-myc  gene  as  a  result  of  PMA  treainieni.  the 
observed  differences  in  c-myc  transcription  do  not  account 
for  the  increase  in  c-myc  itiRiNA  that  occurs  follow  mg  PMA 
stimulation  of  resting  T  cells.  This  would  suggest  that  the 
ability  of  PMA  to  induce  c-myc  expression  may  either  be 
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Rg.  5.  c-fpivt  iranscnpium  in  peripheral  bltxxl  T  cells  either  resting, 
or  treated  with  PMA.  ionomvcin.  PMA  ionomycin  or 
cycloheximide  i.Ai  run-t>n  transcription  assays  were  performed  on 
resting  peripheral  blocxJ  T  v.ells  incubated  for  14  h  in  the  presence  of 
media  alone.  PMA  t^r  12  h  oi  media  followed  by  the  addition  of 
cycloheximide  for  2  h  o\  culture  Nuclei  were  isolated  and  run-on 
iraascription  assays  were  pertormed  as  described  in  Matenals  and 
methods  Run-on  transcription  pnxlucis  were  hybridized  to  filters 
ckmtainmg  genomic  c-mvt  probes  specific  for  exon  1 -sense,  exon 
I -antisense,  exon  2-sense,  exon  2-amisense.  a  plasmid  containing  the 
fragment  specific  for  PO  iranscnption.  and  a  plasmid 
containing  the  GPD  gene  Run-on  transcription  assays  were  also 
performed  in  the  presence  of  2  mM  or-amanitin.  which  completely 
abolished  hybridization  to  the  c  m\t  -specific  fragments  (data  not 
shown).  (B)  Resting  peripheral  bkxid  T  cells  were  stimulated  with 
ionomycin  for  30  min.  I  h  and  h  and  nuclei  isolated  from  the  cells 
prior  to  stimulation  and  following  ionomycin  treatment  for  30  min.  I  h 
and  3  h  Run-on  transcription  prtxJucts  were  hybridized  to  blots 
prepared  as  described  in  (Ai  iCi  Cells  were  incubated  with  media 
alone  for  14  h.  PMA  alone  for  12  h  followed  for  an  additional  2  h  by 
the  addition  of  ionomycin  lo  the  culture  A  third  aliquot  was  incubated 
m  media  alone  for  12  h  and  ionomycin  added  for  an  additional  2  h 
Run-on  transcription  productions  were  hybridized  to  nitrocellulose 
fillers  as  described  above  and  the  resulting  autoradiogram  depicted 
fD)  Genomic  map  of  the  c  mvf  gene  depicting  the  positions  of  the 
three  exons,  the  major  promoter  PI  and  P2.  and  the  PO  promoter 
region  Positions  of  the  probes  used  in  the  run-off  transcription  assays 
are  shown. 
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multifactorial  or  resides  at  the  level  of  the  efficiency  with 
which  the  primary  transcript  is  processed. 

In  contrast  to  these  results,  when  resting  peripheral  blotnl 
cells  are  stimulated  with  ionomycin  a  >  10-fold  increase  in 
the  hybridization  to  both  exon  1  and  exon  2  is  seen  within 
30  min  following  stimulation  of  the  cells  (Figure  5B).  The 
increase  in  transcription  can  entirely  account  for  the  increase 
in  c-myc  mRNA  that  is  observed  following  ionomycin 
treatment  of  resting  T  cells.  However,  despite  this  increase 
in  overall  transcription  in  the  locus,  a  significant  block  to 
transcriptional  elongation  between  exon  1  and  exon  2  is  still 
present.  Addition  of  cycloheximide  with  ionomycin  had  no 
effect  on  the  transcriptional  effects  of  ionomycin  (data  not 
shown). 

We  next  examined  the  transcription  of  c-mv<  mRNA  in 
cells  stimulated  with  both  PMA  and  ionomycin.  In  cells 
pretreated  with  PMA  for  12  h  and  subsequently  stimulated 
with  ionomycin  for  2  h,  the  transcription  rate  of  exon  1  as 
assayed  by  run-on  transcription  appears  to  be  increased  to 
a  level  similar  to  that  induced  by  treatment  w  ith  iimomycm 
alone  (Figure  50 .  However,  in  contrast  to  ionomycin 
treatment,  the  hybridization  to  exon  2  in  PMA  +  ionomycin 
treated  cells  is  equivalent  of  that  of  exon  I  These 
observations  suggest  that  following  ionomycin  activation  of 
PMA-pretreated  cells  there  is  both  an  increase  in  tran¬ 
scription  initiation  within  exon  1  and  a  reduction  of  the  block 
to  transcription  elongation  within  the  gene  .Addition  of 
cycloheximide  to  these  cells  did  not  affect  the  increase  in 
transcriptional  initiation  but  resulted  in  a  return  of  the  blixk 
to  transcriptional  elongation  within  2  h  of  addition.  The 
combination  of  PMA  +  ionomycin  was  also  found  to 
increase  the  rate  of  transcription  within  the  PO  promoter 
region  of  the  gene.  This  is  consistent  with  our  observation 
that  ionomycin  +  PMA  leads  to  a  significant  induction  of 
PO-initiateii  full-length  c-myc  transcripts 

Discussion 

Our  data  suggest  that  there  are  at  least  three  independent 
mechanisms  that  account  for  the  low  level  of  c-myc  gene 
expression  in  normal  resting  peripheral  blotxl  T  cells.  These 
include  a  low  constitutive  level  of  promoter  utilization  at  the 
5'  end  of  the  gene,  a  block  to  transcriptional  elongation 
within  the  gene  and  a  rapid  rate  of  c-myc  mRNA  degradation 
in  the  cytoplasm.  Surface  activation  events  mediated  through 
the  TCR/CD3  receptor  can  initiate  both  the  expression  of 
c-myc  mRNA  and  cellular  proliferation  in  polyclonal 
populations  of  normal  peripheral  blood  T  lymphocytes. 
Previous  studies  have  shown  that  the  TCR  'CD3  receptor 
mediates  its  effects  through  two  intracellular  pathways— 
activation  of  protein  kinase  C  and  increased  intracellular 
calcium.  Our  data  support  this  observation  by  demonstrating 
that  the  combination  of  the  activation  of  protein  kinase  C 
by  PMA  and  the  increase  of  intracellular  calcium  levels  by 
ionomycin  leads  to  c-myc  expression  and  cell  proliferation 
that  is  similar  in  level  and  kinetics  to  that  initiated  by  surface 
crosslinking  of  the  TCR/CD3  receptor.  Together.  PMA  and 
ionomycin  induce  c-myc  transcription  by  increasing  promoter 
utilization  and  by  reducing  the  block  to  iranscnptional 
elongation  within  the  gene. 

The  major  quantitative  mechanism  leading  to  c-mvr- 
mRNA  expression  in  resting  T  cells  is  mediated  by  mcrea.sed 
transcriptional  initiation.  This  mechanism  can  he  activated 


by  elevation  of  intracellular  ionized  calcium  through 
treatment  of  resting  T  cells  with  ionomycin.  Elevations  in 
intracellular  calcium  have  been  reponcd  in  the  transcnptional 
activation  i>f  several  other  genes  (Lin  et  al. .  1986:  Resendez 
ct  al. .  1986(.  Our  data  show  that  the  induction  of  c-mvi  gene 
expression  by  the  calcium  lonophore  ionomycin  is  indepen¬ 
dent  of  new  protein  synthesis.  In  contrast,  the  calcium 
lonophore-mediated  transcriptional  induction  of  the  glucose- 
related  gtiies  P.3C5  snd  P4A3  has  been  shown  to  require 
new  protein  synthesis  (Resendez  eial..  1986).  Together 
these  results  suggest  that  elev  ation  of  the  intracellular  calcium 
level  can  activate  several  molecular  mechanisms  that  may 
affect  the  transcription  of  individual  genes. 

A  reduction  in  the  blcxrk  to  transcriptional  elongation  can 
also  contribute  to  increase  c-m\c  expression  following 
activation  of  quiescent  T  cells.  Reduction  in  the  block  to 
transcriptional  elongation  was  most  clearly  seen  in  cells 
pretreated  with  PMA  and  then  stimulated  with  ionomycin. 
A  reduction  in  the  block  to  transcriptional  elongation  was 
also  observed  in  cells  treated  with  PMA  alone.  In  both 
instances  treatment  with  the  protein  synthesis  inhibitor 
cycloheximide  led  to  full  recovery  of  the  bIcK'k  to  tran¬ 
scriptional  elongation  within  2  h.  These  results  suggest  the 
PMA-induced  pathway  complements  the  ionomycin- 
mediated  transcriptional  induction  of  c-myc  by  leading 
indirectly  to  a  decrease  in  the  block  to  transcriptional 
elongation.  Alternatively,  signals  provided  by  both  PMA  and 
ionomycin  may  normally  be  required  for  optimal  reduction 
of  the  block  to  transcriptional  elongation.  Such  an  interaction 
between  ionomycin  and  PMA  was  demonstrated  by  the 
ability  of  these  two  agents  to  increase  synergistically 
transcription  5'  of  the  major  promoters.  This  increased 
transcription  results  in  the  induction  of  the  previously 
reponed  3. 1-kb  PO-initiated  c-myc  transcripts  (Bentley  and 
Groudine.  1986b).  Our  difficulty  in  determining  a  single 
molecular  mechanism  by  which  PMA  alone  leads  to  c-myc 
expression  is  consistent  with  previous  reports  that  PMA 
iniJuction  contributes  to  gene  expression  via  a  number  of 
di.stinct  molecular  mechanisms  (Chiu  et  al..  1987). 

The  importance  of  cytoplasmic  degradation  of  messenger 
RNA  in  regulating  the  final  level  of  c-myc  was  demonstrated 
by  treatment  of  resting  peripheral  blood  T  lymphocytes  with 
cycloheximide.  Such  treatment  leads  to  a  significant  increase 
in  c-myc  mRNA  levels.  This  result  demonstrates  that  there 
IS  enough  full-length  transcription  of  the  c-myc  gene  even 
in  the  resting  state  to  allow  for  cytoplasmic  accumulation 
of  the  mRNA  in  the  absence  of  selective  c-myc  mRNA 
degradation.  Thus,  rapid  degradation  of  c-myc  mRNA  is  an 
important  mechani.sm  by  which  quiescent  T  cells  down- 
regulate  their  expression  of  c-myc.  Several  groups  have 
suggested  that  the  ability  to  turn  off  c-myc  gene  expression 
is  required  for  cells  to  enter  a  resting  state  (Dean  et  al. .  1986; 
Lomo  et  al. .  1987;  Freytag.  1988).  So  far.  we  have  not  been 
able  to  demonstrate  a  physiologic  mechanism  that  regulates 
variations  in  the  c-m\c  mRNA  half-life  in  T  cells,  as  has 
previously  been  demonstrated  to  occur  in  normal  fibroblasts 
(Blanchard  et  al. .  1985).  However,  a  number  of  alternative 
pathways  that  contribute  to  T  cell  activation  have  recently 
been  described  involving  lymphokines  and  cell  surface 
receptors  distinct  from  the  TCR/CD3  antigen  receptor 
complex  (Reed  et  al. .  1985;  June  et  al. .  1987;  Weiss  and 
Imb^en.  1987).  Further  study  of  T  cell  proliferation 
involving  these  additional  surface  activation  events  may  well 
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reveal  that  alteration  in  mRNA  half-life  is  an  imponant 
mechanism  by  which  T  cells  augment  c-mvt  mRNA  levels 
during  cellular  proliferation. 

In  summary .  our  data  suggest  that  there  are  three  important 
levels  of  regulation  of  c-myc  mRNA  in  peripheral  bUxxi  T 
cells.  Upstream  promoter  utilization  within  the  c-mvc  proto¬ 
oncogene  appears  to  be  inducible  by  increases  in  intracellular 
calcium.  The  block  to  transcriptional  elongation  within  the 
c-OTvc  gene  appears  to  be  reduced  as  a  result  of  new  protein 
synthesis  induced  by  either  PMA  or  PMA  lonomycin 
treatment  of  quiescent  cells.  Both  of  the.se  tran.scnptional 
effects  arc  mediated  through  intracellular  pathways  that  are 
induced  by  activation  of  the  TCR/CD3  receptor  complet. 
Thus,  both  promoter  utilization  and  transcriptional  attenu¬ 
ation  are  important  physiologic  mechanisms  by  which  c-m\< 
mRNA  levels  are  regulated  during  the  activation  of  normal 
peripheral  blood  T  cells.  In  addition,  the  rapid  degradation 
of  c-mvf  mRNA  in  the  cytoplasm  appears  to  contribute  to 
the  low  level  of  c-myc  mRNA  e.xpression  present  in  quiescent 
peripheral  blood  T  lymphocytes. 

Materials  and  methods 

CaOa 

Resting  human  peripheral  blood  T  lymphivyles  were  isolated  by  nceatoc 
seletiion  according  to  a  presiously  published  proiixrol  (June  cr  u/  .  I'<x”i 
In  brief,  penpheral  blood  lymphocytes  were  <.ibtained  by  leukaphcresis  .a 
healthy  donors  of  age  21-31  years  Residual  red  blood  cells  were  removed 
by  density  gradient  centrifugation  The  peripheral  bloixl  lymphtvyics  were 
then  incubated  at  on  a  rotator  with  saturating  amounts  ol  monoclonal 
antibodies  imAbl  60. 1  (anti-CDIIi,  IF5  (anti-CDiOl.  FC-2  lanti  CDIbi 
and  63D3  ianti-CDI4)  for  20  min  This  mixture  of  antibodies  coated  all 
B  cells,  monocytes,  large  granular  lymphocytes  and  CD  I  I  bearini.’  T  celis 
with  mouse  immunoglobulin.  The  cells  were  washed  three  times  to  remiwe 
unbound  anti.badies  and  then  incubated  with  goat  anti-mouse  immunoglobulin- 
coated  magnetic  particles.  Antibody-coated  cells  that  were  then  bound  to 
beads  were  removed  by  magnetic  separation.  Typically.  5-10  «  10"  cells 
were  recovered.  Cell  purification  was  routinely  monitored  by  How  cytometry 
and  histochenustry.  Monocytes.  B  cells  and  large  granular  lymphocytes  were 
not  detectable  by  immunofluorescence  Residual  monocytes  were  quantitated 
by  staining  with  non-specific  esterase  and  were  <0  IT  in  all  cell  popu¬ 
lations.  Viability  was  >99T  as  measured  by  trypan  blue  exclusion  The 
resulting  cell  populations  were  >99T  CD2  positive  as  determined  by  flow 
cytometry 

ProHfantion  assays 

Cells  were  cultured  in  quadruplicate  samples  in  nat-bottomed  %-well 
microtiter  plates  at  I  x  lO’ cells  well  in  RPMI-1640  media  conuiining  5T 
heat-inactivated  fetal  calf  serum  Cell  proliferation  was  measured  in  a  liquid 
scintillation  counter  after  pulsing  cells  for  the  last  g  h  of  3-day  cultures  with 
1  aCi/well  of  f 'H|thymidine.  Stimulation  of  the  cells  was  pertormed  wi'h 
either  media  alone  as  described  above,  or  with  ami-CD3  mAb  GId-t.  which 
was  produced  and  purified  as  described  previously  (June  e/ u/ .  1987)  To 
induce  surface  crosslinking  of  CD3.  necessary  for  CD3-mediaied  T  cell 
proliferation.  mAb  CI9-4  was  adsorbed  to  the  suifKC  of  plastic  tivsue  culture 
plates.  Monoclonal  antibexly  9.3  was  added,  as  previously  described  i  Junc 
er  at. .  1987).  at  an  optimal  concentration  of  I  ng/ml.  Phyiohemaggluiinm 
I PHA)  was  used  at  3  ag/ml.  a  concentration  found  in  prelinunarv  cepenmeno. 
to  result  In  optimal  proliferation  of  unpurified  peripheral  bkxxl  lymphicyicc 
lonomycin  was  added  lo  cultures  to  give  a  level  of  400  ng  10"  iclK  pvi  A 
was  used  at  a  concentralirxi  of  3  ng/ml.  These  doses  of  lonomycin  and  PM  A 
were  found  to  result  in  optimal  proliferation  of  purified  T  .clN 

Nortttam  Mnt  analysas 

Purified  T  cells  were  cultured  at  2  x  lO^/ml  in  complete  nwdu  w  nh  cnhcr 
PMA  at  3  ng/ml.  lonomycin  at  800  ng/ml.  or  a  c.-rmbi nation  .u  b,.ih  in 
some  experiments  the  cells  were  treated  with  aciinomycm  D  at  '  ug  ml 
to  inhibit  RNA  synthesis  or  cycloheximide  at  10  /ig/ml  tn  cuppre^'  protem 
synthesis.  Cells  were  harvested  by  centrifugation  and  iixal  RN  A  cciracicd 
using  gutnidinium  isothiocyanale  (Chirgwin  etal..  I979i  fhe  rcculnng 
RNA  samples  were  eqinliz^  fiXTRNA  and  theequalizaimn  ...iniimx-d  b\ 
elhidium  bromide  staining  of  the  RNA  samples  separated  on  non  denaturing 


I'r  agarose  gels  iThompsirn  I'l  at  .  19851  The  equalized  KNA  samples 
i5- 10  agi  were  separated  on  IT  agarose  -  formaldehyde  gels  and 
iranslerred  u.  ..itrivellulose  Membranes  were  baked  under  vacuum  for  2  h 
and  then  hybridized  al  42  C  in  a  colui'on  containing  5liT  lormamide. 
5  "  SSC.  I  •  DcnhardTc  colulion.  25  niM  Midium  phosphate  ipH  6  5i 
and  2.50  xig  ml  ol  Torula  RNA  HybndLzaiions  were  earned  out  tor  16  -  20  h 
under  identical  conditions  with  the  addition  of  lUT  deciran  sulfate  and 

1  •  10"cpm  ml  of  the  DN. A  probe  DN.A  probes  were  labeled  by  nick 
translation  to  a  specific  actoity  ol  3-9  s  )i)S  cpm  Following 
hybridization,  membranes  were  washed  brietly  at  nxim  temperature  in 

2  s  SSC.  0  IT  SDS.  and  Ihen  tor  2  ■  30  nun  at  56  C  in  0  1  -  SSC. 
O  1  'I  SDS  The  membranes  were  then  air  dried  and  exposed  lo  \-ray  film 
.Kodak  .X.AR  5i  tor  2 -48  hi'urs  at  C  using  an  inien'>if> 'ng  M.reen 
Band  miensities  'Acre  compared  using  densiumieirN .  as  preMkXislv  desunhed 
I  Thompvtvn  <•/  ai  N8Pi 

DNA  probes 

Three  gene  specific  pri>hes  were  used  for  the  analy  sis  of  c-mvi  mRNA 
IcAcls  x3n  Nimhem  blots  .A  1  -kb  C7ul  -  £c-oRl  fragment  sAas  isolated  from 
j  human  c-mxc  cDNA  and  a  200-bp  cl  -Rvrl  fragment  that  includes  the 
Pf)  pronuxter  region.  b<»th  prevuHJsly  repi>rted  and  provided  by  D  Bentley 
•  Bentley  and  Grisudine.  1 98661  Run-on  iranscnption  assays  were  pertormed 
using  an  exon-1  specific  -£vull  44.Vbp  fragment  cloned  into  Ml3 
m  bt*th  the  sense  and  anii-sense  orientations,  and  a  4l4-bp  Psii  fragment 
from  the  vjcond  exon  ot  the  gene  cloned  in  the  sense  and  anti-sense 
•orientation  ot  Ml 3.  as  prexuHJsly  described  and  generously  provided  by 
D  Bemley  and  M  Groodine  iBeniJey  and  Gnxjdine.  1986a>  PO  transcription 
was  assayed  using  the  .Heel  -  Psi[  fragment  cloned  into  pSP65  as  described 
above  The  human  leukocyte  antigen  (HLA-B7)  probe  was  a  1  4-kb  Pvrl 
tragmeni  isolated  from  pHLA  B7  iSood  ei  ai .  1981)  The 

glyccraldehyde-3-phosphate  dehydrogenase  iGPD)  cDNA  probe  has  been 
prevuHisly  described  iDugaiczyk  et  al. .  1983)  Inserts  l50-  100  ng)  ol  the 
aN>ve-mentioned  plasmids,  obtained  following  digestion  with  appropnaic 
rcstnction  endonucleases  and  separation  on  iow-meitmg-point  agarose,  were 
labeled  by  nick  translation  to  a  specific  activity  of  3  -9  x  10*  c  p  m  4g 
Labeled  probes  were  added  to  a  final  concentration  of  10^  c  p  m./mi 
hybridization  mix 

Hun -on  trenscnption  asseys 

Nuclei  were  prepared  as  presiously  described  (Groudine  et  al  .  1981)  and 
resuspended  m  50  mM  Tris  -  HCI  ipH  8.3).  40%  glycerol.  5  mM  MgCU 
and  0  1  mM  EDT.A  Nuclear  run-on  transcription  assays  were  performed 
as  described  by  Groudine  ei  af  f  198  ( )  and  modified  elsewhere  using  ^‘P- 
laheled  LTP  (Lmial  etui  .  1985)  Generally.  10^  c.p.m  5  x  10  cells 
were  obtained  An  equal  number  of  counts  per  minute  were  hybridized  to 
slot  blots  containing  5  ttg  of  double-stranded  plasmids  or  0.5  of  MI3 
clones  The  plasmids  used  are  desenbed  above  Hybridization  and  washing 
conditions  have  been  desenbed  elsewhere  Slot  blots  were  prepared  as 
previously  described  Each  experiment  was  performed  several  limes  to 
confirm  the  reproducibility  of  our  results  In  some  experiments  2  cx- 
amanitin  wu>  added  lo  nuclei  prior  ii>  ihc  start  ot  the  run-on  transcription 
assay  to  inhibit  polymerase  II  aciisiiy  L’nder  the  conditions  of  our  assay, 
this  d»>se  of  oi-amaniiin  was  sufficient  to  inhibit  ai)  observed  transcription 
within  the  e  mvt  Ukus  hut  left  ptilymera.se  I  and  polymerase  III  activiry 
unaffected  as  assayed  by  hybridization  lo  28S  nbosomai  and  3S  ribosorruil 
clones  respectively  tJ  Banes  and  C  Thompson,  unpublished  daia)  Bentley 
and  Groudine  il988)  have  similarly  shown  that  both  the  transcnptional 
initiation  and  the  block  to  iranscnpiional  elongation  within  the  c-mvc  gene 
are  the  result  of  polymerase  II  transcription 
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